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Abstract
The ground-state spin coherence time of 151Eu3+ in Y2SiO5 crystal in a crit-
ical magnetic field was extended to six hours in a recent work [Nature 517,
177 (2015)], which paved the way for constructing quantum memory with long
storage time. In order to select a three-level system for quantum memory appli-
cations, information about the excited-state energy level structures is required
for optical pumping. In this work, we experimentally characterize the hyperfine
interaction of the optically-excited state 5D0 using Raman heterodyne detec-
tion of nuclear magnetic resonance (NMR). The NMR spectra collected in 201
magnetic fields are well fitted. The results can be used to predict the energy
level structures in any given magnetic field, thus enabling the design of optical
pumping and three-level quantum memory in that field.
Keywords: Europium-doped yttrium orthosilicate, Rare-earth-ion-doped
crystal, Excited-state hyperfine structure, Raman heterodyne spectroscopy
1. Introduction
As an essential component in quantum repeater scheme [1], quantum mem-
ory is the core element for the construction of large-scale quantum network. Ex-
periments have been performed in many systems such as atomic gases [2, 3, 4],
single atom [5], molecular gases [6] and rare-earth-ion-doped crystals (REICs).
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It is noteworthy that REICs have drawn great interest over the last decade,
and proven to be a promising candidate for quantum memory with high ef-
ficiency [7], high fidelity [8, 9], broadband operation [10] and long storage
time [11]. Among all kinds of REICs, europium-doped yttrium orthosilicate
(Eu3+:Y2SiO5) is considered suitable for the realization of long-term memory.
Extremely long spin relaxation time (22 days) in the ground state was observed
[12] and the spin coherence time was extended to 6 hours in Eu3+:Y2SiO5 using
a carefully aligned magnetic field and dynamical decoupling [13]. The unprece-
dented long coherence time could enable the construction of portable quantum
hard drives for long-distance entanglement distribution.
The knowledge of energy level structures is the prerequisite for quantum
memory protocols [14, 15, 16]. Appropriate optical pumping based on known
structures can well isolate one class of ions within the inhomogeneous broadening
[17]. In order to obtain the information of the hyperfine structures of REICs,
two alternative approaches, spectral hole burning [18] and Raman heterodyne
detection of NMR [19, 20, 21, 22], are employed in previous works. Spectral hole
burning is a high-resolution technique that has been used to study electronic
transitions for a wide range of materials including REICs. Raman heterodyne
method enables the characterization of hyperfine interactions with high signal-
to-noise ratio (SNR) in such systems [19, 20]. Conventional NMR and nuclear
quadrupole resonance (NQR) of Eu3+ in solids have not been successful due to
its small nuclear quadrupole moment [23].
In this work, we present the measurements and fitting results of the excited-
state hyperfine spectra of 151Eu3+ in Y2SiO5 at crystallographic site 1, using
Raman heterodyne detection of NMR. The spectra of the excited state 5D0 are
collected in a vector magnetic field of 800 Gauss. The orientation of the field
is rotated in a spherical pattern and 201 NMR spectra are obtained in corre-
sponding fields, based on which the effective spin Hamiltonians are determined
with simulated annealing algorithm for two magnetically inequivalent subsites.
A shortcoming of Raman heterodyne method is that it only concerns the hy-
perfine transitions within the ground- or excited-state manifold and transitions
of ions at two subsites are mixed up in the NMR spectra, such that it cannot
tell to which subsite the ground- and excited-state hyperfine transitions belong.
To eliminate the ambiguity, we perform a spectral hole burning experiment in a
carefully chosen magnetic field by observing the anti-holes, from which the level
structures for each subsite can be deduced.
2. Theory
The theory for hyperfine interactions of REICs has been investigated and
elaborated in previous publications [21, 22, 24, 25]. Here we give a brief review.
The Hamiltonian for 4f electron and nucleus of rare-earth ion has the form
H = HFI +HCF +HHF +HQ +Hz +HZ . (1)
These six terms represent the free ion, crystal field, hyperfine, nuclear quadrupole,
electronic Zeeman and nuclear Zeeman Hamiltonians, respectively. The free ion
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and crystal field terms determine the electronic energy levels and optical tran-
sitions. Due to the fact that there is no net electron spin or orbital angular mo-
mentum in Eu3+:Y2SiO5, the other four terms are small enough to be treated
as a perturbation for the electronic state. Using second order perturbation the-
ory and discarding the perturbation term that does not influence the hyperfine
energy level, we can obtain the effective spin Hamiltonian [21, 22]
H = B ·M · I + I ·Q · I, (2)
where B is the external magnetic field. M and Q are the effective Zeeman and
quadrupole tensors for rare-earth ion. I is the nuclear spin operator, which for
spin-5/2 nuclei like Eu3+ can be parameterized as three 6 × 6 matrices. The
parameterization is presented in 4.2.
Y2SiO5 has a symmetry which can be described by C
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2h space group. Yt-
triums occupy two sites in the crystal. Eu3+ as a dopant substituting yttrium
also occupies two sites, 1 and 2, exhibiting two inhomogeneously broadened ab-
sorption features at 580.039 nm and 580.211 nm respectively [26]. Each site can
be divided into two magnetically inequivalent subsites, related to each other by
the crystal C2 axis. Here we measure the excited-state hyperfine structure of
151Eu3+ at site 1. This particular choice of isotope and crystallographic site is
made because it has demonstrated the longest spin coherence time so far [13].
Due to the C2 symmetry, two subsites of Eu
3+ should be described by differ-
ent M and Q tensors. Each can be transformed into the other by a pi-rotation
operation about the C2 axis.
3. Experiment
3.1. Raman heterodyne detection
Raman heterodyne detection of NMR, as an RF-optical double-resonance
technique based on the coherent Raman effect, is a useful tool for observing
NMR [19, 20]. Measurements of the ground-state hyperfine structure 7F0 of
151Eu3+ at site 1 in Y2SiO5 were covered elsewhere [21], which provide a step-
ping stone towards hour-long spin coherence time. Here we present the char-
acterization of the hyperfine interaction of the excited state 5D0 of
151Eu3+ at
the same site using a similar approach.
The hyperfine energy level diagram in zero magnetic field is shown in Fig.
1(a), which was determined by spectral hole burning experiment in previous
works [27, 28]. The experimental setup is depicted in Fig. 1(b). A sample
of 0.1 atomic (at.)% Eu3+:Y2SiO5 is used for the experiment. The crystal
is cut along the three crystal axes D1, D2 and b with a size of 4 × 3 × 10
mm. The sample is placed inside a cryostat and cooled to approximately 3.5
K for spectrum measurements. The XYZ coils outside the cryostat are used
to provide a magnetic field. An RF field is produced by a 7-turn coil wrapped
around the sample along the C2 axis. Two laser beams from a frequency-
doubled semiconductor laser tuned to be resonant with the 7F0→ 5D0 transition
with a linewidth well below 10 kHz are incident on the sample. The probe
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beam propagates along the crystal C2 axis with a power of 2.3 milliwatts and
a diameter of 50 µm inside the crystal. The transmitted light which carries the
Raman heterodyne signal is detected with a photodetector. The pump beam
has a diameter of 120 µm, with a power of 7 milliwatts. The two beams overlap
inside the crystal, with a small angle between their propagating directions.
The Raman heterodyne signal is generated when the RF field is resonant
with the hyperfine transition either in the excited- or ground-state manifold.
The signal stems from a beat between the transmitted probe laser and the
Raman scattered light.
In our experiment, we find that an appropriate pump laser can significantly
increase the Raman heterodyne signal. For example, the frequency of the pump
laser is swept around the |±1/2〉g ↔ |±3/2〉e for the measurements of |±1/2〉e ↔
|±3/2〉e. The SNR with the pump laser is significantly higher than that without
it. There are two reasons that may account for this phenomenon. One is
the linear relationship between Raman heterodyne signal and the population
difference between the resonant levels [19]. A pump laser can pump away the
ions on the neighbor levels thus increasing the population difference. The other
reason is similar to what is mentioned in Ref. [21], where J. J. Longdell et al.
did not find the signal without a pump light. Here, if the signal laser is incident
without pump, all of the ground states contribute to the signal, while a pump
laser can break the symmetry, thus increasing the signal.
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Figure 1: (Color online) (a) The hyperfine structure of the ground state 7F0 and excited state
5D0 of 151Eu3+ at site 1 of Y2SiO5 in zero magnetic field. (b) Experimental setup for Raman-
heterodyne-detected NMR of Eu3+:Y2SiO5. The laser is split into two paths by a polarization
beam splitter (PBS). The frequency of the light is modulated with an acousto-optic modulator
(AOM) in a double-pass configuration. The polarization of the light is controlled by the half
wave plate (λ/2) and quarter wave plate (λ/4). The probe laser is incident on the crystal
placed inside a cryostat. The half wave plate in front of the cryostat rotates the polarization
of the beam to the direction of strongest absorption. An RF field generated by a 7-turn coil
wrapped around the sample drives the hyperfine transitions. The pump laser is employed
to create a population difference between two hyperfine states. The photodetector captures
the beat signal produced by the transmitted light and the scattered light. The spectra are
recorded with an analyzer.
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3.2. Spectrum measurements
In order to obtain the information about hyperfine structures of Eu3+ in
magnetic fields, a DC magnetic field of 800 Gauss is applied to the crystal to split
the degenerate hyperfine energy levels. We follow the similar approach carried
out for the ground state 7F0 [21, 22], rotating the direction of the magnetic field
in a spherical pattern 
Bx = B0
√
1− t2cos(6pit)
By = B0
√
1− t2sin(6pit)
Bz = B0t
(3)
in which t ∈ [−1, 1].
The formula is given in laboratory coordinate system, with three axes cor-
responding to the XYZ coils. The crystal is placed in the cryostat by hand,
such that the crystal coordinate system [D1, D2, b] has a small misalignment
with the laboratory system. This misalignment does not bring extra error to
the measurements because it can be fitted in the fitting procedure.
(a) (b)
Figure 2: Two typical Raman-heterodyne spectra for the excited (a) and ground (b) state
collected in magnetic field corresponding to t = −0.32 and t = −0.45, respectively. Eight peaks
can be clearly located with high SNR for both the excited and ground state. Unexpected tiny
splittings are observed for |±1/2〉g ↔ |±3/2〉g transition around 34.5 MHz. The mechanism
of these splittings requires more investigations.
The spectrum measurements are carried out around 75 MHz and 101.7 MHz
for two excited-state hyperfine transitions |±1/2〉e ↔ |±3/2〉e and |±3/2〉e ↔
|±5/2〉e respectively in 201 magnetic fields, corresponding to t ∈ [−1, 1] uni-
formly divided into 201 points. Over 1000 averages are taken to reach a high
SNR for each spectrum. The SNR of the observed spectra is sufficient for de-
termining the parameters of the Hamiltonian.
In order to give a energy level diagram for both the ground and excited state
in any given magnetic field, measurements are also performed around 34.5 MHz
and 46.2 MHz for two ground-state hyperfine transitions |±1/2〉g ↔ |±3/2〉g
and |±3/2〉g ↔ |±5/2〉g.
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Two typical spectra for the excited-state transition |±1/2〉e ↔ |±3/2〉e and
ground-state transition |±1/2〉g ↔ |±3/2〉g in magnetic fields are shown in Fig.
2. The degeneracy of |±1/2〉 and |±3/2〉 state is removed in magnetic fields
thus one NMR peak splits into four. Eight NMR peaks are detected in the
experiment, four of which represent the hyperfine transitions of ions at one
subsite of the two.
Unexpected splittings are observed for the |±1/2〉g ↔ |±3/2〉g transition.
Typical examples are the first three peaks and the last one shown in Fig. 2 (b).
The largest splitting we observed is approximately 100 kHz. We also perform
the measurements for a 0.01 at.% sample. These tiny splittings still appear
although the linewidth of each peak is narrower for a lower doping concentration.
Further studies are required to identify the mechanisms for these splittings. As
a reasonable approximation, we take the average value of the positions of the
split peaks as the hyperfine transition frequency for fitting procedure.
(a) (b)
Figure 3: The experimental data and fit curves for the ground-state (a) and excited-state
(b) hyperfine transitions in 201 magnetic fields. The dots represent the NMR peak positions
detected in the experiment, and the solid lines are the fit curves of the experimental data.
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4. Results and discussion
4.1. Fitting procedure
The parameterization of the effective spin Hamiltonian of the 5D0 state is
the same as that used for the ground state [21]. Two parameters are required
to determine the Q tensor in its principal axis system: −E 0 00 E 0
0 0 D
 . (4)
Then the Q tensor in the lab coordinate system can be obtained by a rotation
characterized by Euler angles, i. e.:
Q1 = R(αQ, βQ, γQ)
 −E 0 00 E 0
0 0 D
RT (αQ, βQ, γQ). (5)
The subscript 1 denotes one of the two magnetically inequivalent subsites. The
rotation matix R(α, β, γ) can be written in the form:
R(α, β, γ) =
 cosα − sinα 0sinα cosα 0
0 0 1
 ·
 cosβ 0 sinβ0 1 0
− sinβ 0 cosβ

·
 cos γ − sin γ 0sin γ cos γ 0
0 0 1
 , (6)
where the subscript Q has been taken away since the rotation matrix has the
same form for the M tensor:
M1 = R(αM , βM , γM )
 g1 0 00 g2 0
0 0 g3
RT (αM , βM , γM ). (7)
M2 and Q2 tensors for ions at another subsite can be easily obtained by a
pi-rotation operation on M1 and Q1 about the crystal C2 axis. We assume an
azimuthal angle θ and a polar angle φ for the direction of the C2 axis because of
the misalignment between the laboratory and crystal system mentioned in the
last section. The pi-rotation operation can be written in a matrix form [29]:
Rpi(θC2 , φC2) = I + 2J(θC2 , φC2)J
T (θC2 , φC2), (8)
where J(θ, φ) is the skew symmetric operator:
J(θ, φ) =
 0 − cos θ sin θ sinφcos θ 0 − sin θ cosφ
− sin θ sinφ sin θ cosφ 0
 . (9)
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The spin-5/2 operator can be written as three 6× 6 matrices:
Ix =
1
2

0
√
5 0 0 0 0√
5 0 2
√
2 0 0 0
0 2
√
2 0 3 0 0
0 0 3 0 2
√
2 0
0 0 0 2
√
2 0
√
5
0 0 0 0
√
5 0
 , (10)
Iy =
i
2

0 −√5 0 0 0 0√
5 0 −2√2 0 0 0
0 2
√
2 0 −3 0 0
0 0 3 0 −2√2 0
0 0 0 2
√
2 0 −√5
0 0 0 0
√
5 0
 , (11)
Iz =
1
2

5 0 0 0 0 0
0 3 0 0 0 0
0 0 1 0 0 0
0 0 0 −1 0 0
0 0 0 0 −3 0
0 0 0 0 0 −5
 . (12)
After the parameterization of the spin Hamiltonian, one can obtain the eigen-
energy spectrum by solving the stationary Schro¨dinger equation, as long as
the parameters are assigned with certain values. For the fitting procedure, we
first use a random set of values to parameterize the Hamiltonians. Then we
minimize the error between the calculated spectra and the experimental ones
by continuously optimizing the parameters.
The error minimization is carried out by computer using simulated annealing
algorithm [30]. The objective function is set to be the total absolute error of all
the spectra of both the excited and ground state. In the fitting procedure, we
find that the order of the energy levels is related to the signs of the diagonal
elements of the M and Q tensor, i. e. g1, g2, g3, E and D. In order to obtain
the correct order which has been identified in zero field [31], we do not restrict
those parameters to be positive as that in Ref. [21].
The fitting results are shown in Fig. 3 and Tab. 1. Note that the excited
and ground state share the same θC2 and φC2 since the orientation of the C2
axis is fixed in our laboratory system, which is independent of which state we
investigate. Also, the azimuth angle is small, which confirms that the crystal
coordinate system is approximately aligned with the laboratory system. The
final fitting error is reduced to roughly 14 kHz per peak on average, which is
comparable with the inhomogeneous broadening. The absolute values of the
diagonal elements of the M and Q tensors, i. e. the g-factors, E and D of the
ground state 7F0, are close to those in Ref. [21].
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Table 1: Fitting results of the effective spin Hamiltonian parameters in the laboratory frame.
The 5D0 and 7F0 state share the same D1, D2 and b (C2) axes, which are fixed in our
laboratory system.
Excited state 5D0 Ground state
7F0
Parameter Value Uncertainty Value Uncertainty
αM (degrees) −79.51 0.29 −153.2297 0.0046
βM (degrees) 89.65 0.29 −68.3 1.6
γM (degrees) −68.670 0.072 10.113 0.098
g1 (MHz/T) 9.59 0.17 11.802 0.067
g2 (MHz/T) 9.444 0.047 4.7502 0.0035
g3 (MHz/T) 10.189 0.062 −5.827 0.015
αQ (degrees) 35.4201 0.056 −171.681 0.016
βQ (degrees) −30.44 0.16 −51.16 0.82
γQ (degrees) 1.3725 0.0003 49.4 2.9
E (MHz) 5.8713 0.0002 −2.7359 0.0001
D (MHz) 27.186 11 0.000 01 −12.3819 0.0001
θC2 (degrees) 3.20 0.44
φC2 (degrees) 331.76 0.59
θD1 (degrees) 92.8220
φD1 (degrees) 0.0218
θD2 (degrees) 88.4860
φD2 (degrees) 89.9471
Uncertainties of the fit parameters are also presented in Fig. 3. Since the
results are given in the laboratory frame defined by the XYZ coils, the uncertain-
ties do not include the calibration of the coils. Contribution of the calibration
error to the uncertainties is expected to be less than 5%.
We also note that it is necessary to give the direction of the D1 and D2 axis
in our laboratory, so that one can transform the Hamiltonians into [D1, D2, b]
coordinate system, thus making the results more general. Since the direction of b
(C2) axis can be fitted to the experiments above, theD1-D2 plane, perpendicular
to the axis, is spontaneously determined. Eu3+:Y2SiO5 presents the strongest
absorption when the incident light is polarized along the D1 axis [12, 32]. As a
reasonable approximation, the projection of the maximum absorption direction
on the D1-D2 plane is considered to be parallel to the D1 axis. The directions
(in azimuth and elevation) of D1 and D2 are also listed in Tab. 1.
4.2. Subsite correspondence between the ground and excited state
As described in Sec. 2, Eu3+ ions occupy two magnetically inequivalent
subsites. Unfortunately, the fitted excited- and ground-state parameters given
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in Tab. 1 may not refer to the same subsite only based on the Raman-heterodyne
experiment above. In other words, since there are two C2-symmetric subsites
thus two C2-related Hamiltonians for each state, one of the two ground-state
Hamiltonians can be either related to one of the two excited-state Hamiltonians
or the other. Raman-heterodyne-detected NMR method only concerns hyperfine
transitions within an electronic state and does not provide any information
about how the excited state is related to the ground state.
To eliminate the ambiguity, spectral hole burning technique is a useful tool to
simultaneously investigate the ground- and excited-state hyperfine structures.
Unlike Raman heterodyne method, hole-burning spectra contain information
about hyperfine structures of both the ground and excited state. Distances
between the holes (anti-holes) and the central hole reflect the hyperfine split-
tings in the ground and excited state [17, 33, 34], such that we can deduce the
hyperfine structures from the hole-burning spectra.
However, spectral hole burning in a magnetic field is more complicated than
that in zero field because the degeneracy of the Zeeman levels is removed. Three
levels in zero field now split into six. Six ground levels combined with six excited
levels lead to 6×6 = 36 classes of ions despite of the other C2-symmetric subsite,
while there only exist 3× 3 = 9 classes in zero field. More energy levels create
even more holes and anti-holes, which overlap with each other thus making the
hole-burning spectra unrecognizable. To simplify the problem, it is necessary
to use optical pumping to prepare a proper system with less upper and lower
levels for the hole burning process [33, 34].
As a matter of fact, in our experiment there is no need to resolve all the
holes and anti-holes. Therefore we designed a spectral hole burning experiment
in a carefully chosen magnetic field which can isolate an anti-hole far from the
central hole. This is done by calculating the possible positions of the holes and
anti-holes using the parameters listed in Tab. 1. The calculations predict a
characteristic anti-hole 3.45 MHz away from the central hole in a magnetic field
of 600 Gauss in the direction of [0.6551,0.6976,-0.2900] in the laboratory system
(and [0.6407,0.7053,-0.3034] in the [D1, D2, b]), while no holes or anti-holes are
predicted beyond 3 MHz if conducting a C2 rotation about the b axis on the
excited-state Hamiltonian.
The optical pumping sequences can be described in three steps as follows.
We first employ three pump lasers, the frequency of which is swept over 8 MHz
to address ions that is resonant with these three lasers, while other ions are
pumped away. This part of the sequence, called class cleaning, is necessary to
select only a subset of ions within the inhomogeneous broadening to prevent too
many holes and anti-holes from appearing in the hole-burning spectrum. After
class cleaning, the system is initialized into the |±1/2〉g state for hole burning
by emptying another two ground levels. At last, a weak but sufficiently long
pulse resonant with |±1/2〉g ↔ |±1/2〉e is sent into the sample to burn a hole of
considerable depth. Then we attenuate the signal laser pulse to single-photon
level and sweep the frequency around the central hole to read out the spectral
structures.
The hole-burning spectrum is shown in Fig. 4. The existence of the anti-hole
10
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Figure 4: Hole-burning spectrum in a magnetic field of 600 Gauss in the direction of
[0.6551,0.6976,-0.2900]. Two anti-holes can be resolved, which are consistent with the en-
ergy level structure predicted using the Hamiltonian parameters in Tab. 1. Other holes and
anti-holes cannot be well located due to the limited SNR. The SNR is not as large as expected
because the holes (and anti-holes) are broadened by the severe vibration caused by the cold
head of the cryocooler.
at 3.442 MHz verifies that the excited- and ground-state parameters listed in
Tab. 1 belong to the same subsite.
4.3. Applications
A straightforward application of the results is to predict the hyperfine struc-
tures for Eu3+ in a critical magnetic field. Zero first order Zeeman (ZEFOZ)
point is a magnetic field in which the frequency of the considered hyperfine
transition is extremely insensitive to magnetic field perturbations. Since the
magnetic field noise from the nuclear spin baths are the primary source of deco-
herence for Eu3+ in Y2SiO5, the coherence time of the considered transition can
be extended at ZEFOZ point. Here we take the ZEFOZ magnetic field employed
to realize six-hour coherence time [13] as an example. The excited-state hyper-
fine structure is calculated in this field and shown in Fig. 5. The ground-state
structure is also presented, as a reference.
As a matter of fact, hyperfine structures in any magnetic fields can be pre-
dicted based on the fitted spin Hamiltonians. With known energy level struc-
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Figure 5: (Color online) Hyperfine structure of the excited state 5D0 and ground state 7F0
of 151Eu3+ at site 1 in Y2SiO5 in a ZEFOZ magnetic field [13]. The ZEFOZ magnetic field
of 1.261 Tesla is in the direction [−0.5914, 0.5239, 0.6130] in our laboratory system (and [-
0.5600,0.5073,0.6550] in the [D1, D2, b]). The frequency of the transition |−3/2〉g ↔ |+3/2〉g
at 12.46 MHz is extremely insensitive to magnetic field perturbations.
tures, optical pumping squences can be designed for the current system in
any other ZEFOZ magnetic fields. A three-level system can be well selected
within the inhomogeneous broadening and tailored into suitable absorption
shape through optical pumping for quantum memory protocols such as electro-
magnetic induced transparency (EIT) [16], controlled reversible inhomogeneous
broadening (CRIB) [15] and atomic frequency comb (AFC) [14].
5. Conclusion
By using Raman heterodyne detection of NMR, the hyperfine interactions in
the excited state 5D0 of
151Eu3+ at site 1 in Y2SiO5 are characterized with the
effective spin Hamiltonians. In order to determine how the two C2-symmetric
excited states are related to the ground state, we also performed a spectral
hole burning experiment in a special magnetic field to eliminate the ambiguity.
In our experiments, Raman heterodyne detection shows significant advantages
such as vibration-tolerance, high resolution and easiness for implementation and
spectral analysis when compared with pure optical methods. The results can
find use for selecting a three-level system through optical pumping for quantum
memory protocols.
We note that similar results are obtained with optical free induction decay
measurements by an independent group [35].
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